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Abstract. Windborne migration of insects is signiﬁcantly inﬂuenced by meteorological factors and phe-
nomena, such as seasonal atmospheric circulation. Large-scale movement of air provides the background
for all weather and climate events. Hence, population abundances of migratory insects may ﬂuctuate due
to variations in seasonal atmospheric circulation, but little is known about this process. The western Paciﬁc
subtropical high pressure (WPSH) is the major circulation system that affects weather and climate in east-
ern Asia. Annual migration of the brown planthopper (BPH, Nilaparvata lugens [Stal]) in East Asia and the
WPSH was investigated. Based on almost three decades of data (1977–2003), it was determined that
swarms of BPH migrate into the lower Yangtze Valley in July and form an outbreak population under
strong WPSH conditions. An intense WPSH enhanced southwesterly airstreams in southern China to
provide a high-speed vehicle promoting BPH long-distance migration. In addition, increased precipitation
in the Yangtze and Huai valleys formed a rain-belt barrier that forced BPH landing in the lower Yangtze
Valley. Results herein demonstrate that the population abundance of a migratory insect ﬂuctuated in
response to climatic conditions caused by seasonal atmospheric circulations.
Key words: insect migration; meteorological factors; Nilaparvata lugens; rice planthopper; subtropical high pressure;
western Paciﬁc subtropical high pressure.
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INTRODUCTION
Many insects undertake regular long-distance
migrations each year to track seasonal changes in
resources and habitats (Holland et al. 2006, Din-
gle and Drake 2007, Chapman et al. 2015, Hu
et al. 2016a, b). Migratory insect species, such as
the silver Y moth (Autographa gamma) in Europe
and the brown planthopper (BPH, Nilaparvata
lugens [Stal]) in East Asia, have migration routes
that cover thousands of kilometers during their
journeys (Dingle and Drake 2007, Chapman
et al. 2010, 2012, Alerstam et al. 2011, Otuka
2013, Hu et al. 2014, 2017). Compared to warm-
blooded birds, winged insects have limited ﬂight
capabilities and most of them take advantage of
high-speed airstreams to perform their annual
seasonal migration (Akesson and Hedenstr€om
2007, Reynolds et al. 2010, 2016, Alerstam et al.
2011, Chapman et al. 2011a, b). Studies have
shown that nocturnal moths are capable of trav-
eling up to 300 km per night with the help of
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winds (Chapman et al. 2010, 2011a, b, 2012, Aler-
stam et al. 2011, Hu et al. 2016a, b). Low-level jet
winds (LLJ, wind speed ≥12 m/s) can occur over
a long period of time and cover a wide area
(Drake and Farrow 1988). This jet stream is
thought to be the most favorable wind for migra-
tory insects such as rice planthoppers (BPH and
white-backed planthopper (Sogatella furcifera
[Horvath])) in East Asia and nocturnal moths in
North America (Watanabe and Seino 1991, John-
son 1995, Sogawa 1995, Feng et al. 2002). Thus,
seasonal prevailing winds play a major role in
determining insect migratory pathways, timing,
and distances traversed (Drake and Farrow 1988,
Chapman et al. 2011a, b). Generally, the windborne
migration of insects is signiﬁcantly inﬂuenced
by meteorological factors and other phenomena
(Drake and Farrow 1988, Drake et al. 1995). Insect
migration can be terminated by some atmospheric
factors such as downdrafts, cold temperatures,
and rain (Drake and Farrow 1988, Westbrook and
Isard 1999). Since the 1970s, mass migrants of rice
planthopper and moths have been observed to
concentrate and land in speciﬁc areas during pre-
cipitation events (Greenbank et al. 1980, Kisimoto
and Sogawa 1995, Crummay and Atkinson 1997,
Hu et al. 2013).
Seasonal atmospheric circulation provides the
background to all weather and climate events
that take place, including prevailing wind and
seasonal rainfall (Ahrens 2009). These large-scale
movements of air can cover thousands of square
kilometers or even large portions of the earth
and can last for days or even weeks. Seasonal
atmospheric circulations are thought to provide
clues for forecasting the weather in the mid- and
long term (Ahrens 2009). Population abundances
of migratory insects could also therefore be pre-
dicted from seasonal atmospheric circulations. In
Africa, the intertropical convergence zones that
occur near the equator where northern and
southern air masses converge are essential for
annual insect seasonal migration (Riley and Rey-
nolds 1983, Drake and Farrow 1988, Rainey 1989,
Pedgley et al. 1995). However, there is very lim-
ited knowledge about the inﬂuence of seasonal
atmospheric circulations on insect migrations in
Asia. Many species of migratory insects in Asia
are serious pests to agriculture crops, human
health, and livestock. Their mass migration into
Asia would result in incalculable crop damage
and serious economic problems if controls are
not implemented promptly (Chapman and
Drake 2010, Chapman et al. 2012). Understand-
ing the link between seasonal atmospheric circu-
lation and population ﬂuctuations of migratory
pest insects is therefore of great signiﬁcance.
Subtropical high pressure systems form impor-
tant components of the Hadley cell, consisting of
tropical atmospheric circulation (Ahrens 2009).
There are two major semi-permanent subtropical
high pressures in the Northern Hemisphere,
namely the North Atlantic subtropical high pres-
sure (also known as the Bermuda High or Azores
High) and the Paciﬁc High (Ahrens 2009, Li et al.
2012). The Bermuda High becomes a dominant
weather feature in North America during the sum-
mer. It creates southerly and southeasterly wind
ﬂows from the Gulf of Mexico to the Mississippi
River Drainage Basin, providing atmospheric con-
ditions suitable for windborne migration of insects
and other organisms (Johnson 1995, Wainwright
et al. 2016). The western portion of the Paciﬁc
High is known as the western Paciﬁc subtropical
high pressure system (WPSH; Ahrens 2009, Ding
and Chan 2005, Li et al. 2012, Wang et al. 2013).
WPSH is one of the most important atmospheric
circulations that inﬂuence the weather and climate
in eastern Asia. Many crop pests such as the rice
leaf roller (Cnaphalocrocis medinalis) and BPH
migrate northward in spring and summer accord-
ing to the advance of the WPSH (Cheng et al.
1979, Jiang et al. 1981, Zhang 1992, Bao et al.
2015). The seasonal movement of WPSH consists
of a northward advance and a southward retreat
that controls the annual position of rain belts in
East Asia (Ding and Chan 2005, Li et al. 2012,
Wang et al. 2013). In spring, WPSH moves gradu-
ally toward the north, and during the summer
season, it abruptly splits into two northerly move-
ments each year (Ding and Chan 2005, Tao and
Wei 2006, Ding et al. 2007, Li et al. 2012, Wang
et al. 2013). The ﬁrst abrupt movement occurs in
mid-June when its ridge moves north of 20° N
and later it remains around 25° N for a month.
Low-level jet along the northwestern edge of the
WPSH transports a large amount of water vapor
into East Asia (Zhou and Yu 2005, Tao and Wei
2006, Ding et al. 2007, Zhou et al. 2007). During
this period, the mixing of this warm vapor from
the south with the cold air from the north
causes the water droplets to condense, producing
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month-long constant rain in the Yangtze River
Valley, extending toward the islands of Japan.
This phenomenon is known as the East Asian
monsoon or Meiyu in China and the Baiu season
in Japan. The second abrupt change in the WPSH
occurs in late July when the WPSH ridge moves
north of 30° N, signaling the end of the Meiyu/
Baiu season and then the movement of rain belt
further toward the north of China (Zhou and Yu
2005, Tao and Wei 2006, Ding et al. 2007, Zhou
et al. 2007). By bringing heavy rainfall to East
Asia, the WPSH therefore also promotes drought
and ﬂood conditions in eastern China (Zhou and
Yu 2005, Tao and Wei 2006, Ding et al. 2007,
Zhou et al. 2007, Wang et al. 2013).
Brown planthopper is one of the most impor-
tant migratory pests of rice in East and Southeast
Asia, and it has been systematically studied since
the 1960s (Cheng et al. 1979, Kisimoto and
Sogawa 1995, Bottrell and Schoenly 2012, Otuka
2013, Hu et al. 2014). China started to perform
monitoring for BPH in 1973. BPH cannot over-
winter in temperate zones, such as mainland
China, Japan, and the Korean Peninsula. Thus,
infestations are initiated by windborne spring or
summer migrants from their winter-breeding
areas in the Indochina Peninsula (Cheng et al.
1979, Kisimoto and Sogawa 1995, Bottrell and
Schoenly 2012, Otuka 2013, Hu et al. 2014, 2017).
BPH is a small insect and a slow ﬂyer of only
0.3 m/s, and its windborne migration is signiﬁ-
cantly inﬂuenced by meteorological factors and
other phenomena (Cheng et al. 1979, Jiang et al.
1981, Chen et al. 1984, Kisimoto and Sogawa
1995, Crummay and Atkinson 1997, Otuka 2013,
Hu et al. 2014). The inﬂuence of WPSH on BPH
populations in China has been previously stud-
ied, resulting in the presentation of data from
which certain conclusions have been drawn
(Cheng et al. 1979, Jiang et al. 1981, Chen 1995,
Hou et al. 2003, Qian and Huo 2007). A north-
ward migration of BPH in China generally
occurred between the ridge of WPSH and a low-
pressure trough in spring and summer (Cheng
et al. 1979). Planthopper emigration was unsuc-
cessful due to atmospheric subsidence created by
the WPSH (Cheng et al. 1979, Jiang et al. 1981).
A large number of BPH were observed caught by
light traps in the Yangtze River Valley as the
WPSH changed suddenly (Chen 1995). Most of
the BPH outbreaks were recorded in years when
the WPSH was stronger from March to May
(Hou et al. 2003, Qian and Huo 2007).
Nevertheless, the link between WPSH and BPH
migration has not been ﬁrmly established. Fur-
ther studies are needed to explore the relationship
between seasonal atmospheric circulations and
the migration patterns of insects. This paper
presents long-term BPH light-trap (1977–2003)
and meteorological data. Relationships between
the WPSH and northward migrations of BPH are
investigated. We identify links between seasonal
atmospheric circulations and BPH migration pat-
terns that are relevant for forecasting migration
events. Such information is necessary for migra-
tory pest control.
MATERIALS AND METHODS
Light-trap data
Daily light-trap data collected at plant protec-
tion stations (PPS) in 212 counties in China were
obtained from the National Agro-Tech Extension
and Service Center (NATESC). This service center
has been continuously collecting data since 1977.
In this study, data from 18 stations with complete
records from 1978 to 2003 were used in correla-
tion analyses (Figs. 1, 2). Annual occurrence data
of BPH for the whole of China during 1977–2016
were also obtained from NATESC. The degree of
occurrence was classiﬁed into ﬁve levels based on
the loss of rice yield caused by BPH. “Level-I”
indicated little loss of rice yield in that year, and
“Level-V” indicated an outbreak year.
Meteorological data and WPSH indices
The Climate Prediction Center Merged Analy-
sis of Precipitation (CMAP) data, including
monthly and ﬁve-day global-gridded precipita-
tion means since 1979, were obtained from
NOAA’s Earth System Research Laboratory
(http://www.esrl.noaa.gov/). Their monthly and
daily global-gridded data, including the geopo-
tential height and u- and v-winds, were derived
from the National Centers for Environmental Pre-
diction (NCEP)/National Center for Atmospheric
Research (NCAR) re-analysis data from 1948 to
2011. The CMAP and NCEP/NCAR data, with a
spatial resolution of 2.5° (i.e., 144 points in longi-
tude and 72 points in latitude), are presented in
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the Network Common Data Form format, which
is self-explanatory and machine-independent.
Western Paciﬁc subtropical high pressure was
principally measured by the location of the 588
geopotential decameter (gpdm) contour lines at
the 500-hPa geopotential height ﬁeld, that is, the
region where geopotential height is ≥588 gpdm.
The area and the mean geopotential height of
Fig. 1. Sampling locations of the 212 county plant protection stations (PPS, +) including the 18 sites selected
for the detailed analysis. (a) Overview of the entire sampling region. (b) The lower Yangtze and Huai valleys and
the seven PPS in this sampling region.
Fig. 2. Visualization of monthly correlation coefﬁcients between cumulative light-trap catches of the brown
planthopper (after log transformation) at the 18 plant protection stations sites and western Paciﬁc subtropical
high pressure indices. Sites are listed geographically from north to south, and positive and negative correlations
signiﬁcant at the 1% and 5% levels are labeled with “A” and “a”, respectively.
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this region are deﬁned as the area and intensity
indices of WPSH. Mean latitudinal position of
the WPSH ridge, the longitude of the western-
most point, and the latitude of the northern-most
point were deﬁned as the mean ridge, westward
extension, and north edge indices of WPSH,
respectively. Monthly data for these ﬁve WPSH
indices (110°–180° E) from 1951 to 2010 were
obtained from the China Meteorological Data
Sharing Service System (http://cdc.cma.gov.cn/).
As the light-trap data for BPH is available since
1977, monthly indices of WPSH from 1977
onwards were selected. A total of 34 yr’monthly
indices of WPSH (1977–2010) were examined for
anomalies. An extremely strong WPSH was iden-
tiﬁed when its intensity index was equal to or
greater than the third quartile of all 34 yr’ inten-
sity indices in that same month.
Spatial exploration of correlations between
BPH catches and WPSH indices
To explore the spatial distribution of BPH
immigration in China, we interpolated the raster
surfaces of BPH catches from the PPS locations
using the natural neighbor method in ArcGIS
software (version 10.2, http://www.esri.com/).
Spatial distribution of monthly BPH catches,
WPSH indices, and meteorological data (precipi-
tation, mean wind ﬁelds) were then visualized in
ArcGIS software. We tested for correlations
between BPH catches and WPSH indices at 18
PPS using Pearson correlations. Results of the
correlations were visualized using R software
(https://www.r-project.org/). We tested whether
BPH outbreak years were signiﬁcantly correlated
with the intensity of WPSH in July using a chi-
square analysis. When sample sizes were <5, a
Fisher’s exact test was instead applied. All statis-
tical analyses were carried out using R software.
RESULTS
Enhanced WPSH increased BPH migrating into
the lower Yangtze Valley
Monthly correlation coefﬁcients between BPH
cumulative light-trap catches at the 18 PPS sta-
tions and WPSH indices are shown in Fig. 2. Each
grid square represents one correlation coefﬁcient
for one PPS site and the WPSH index during one
month. A few signiﬁcant correlations were
observed in panels for the mean ridge, north edge,
and western extension indices. These were scat-
tered and showed no temporal or geographical
pattern, thereby indicating that these three WPSH
indices had little inﬂuence on BPH migration.
Three clusters of grids with signiﬁcant correla-
tions occurred in the intensity index panel. BPH
catches correlated signiﬁcantly with WPSH inten-
sity at PPS sites (1) in the lower Yangtze Valley
(Huizhou, Dongzhi, Gaochun, Fengxian, Nan-
tong, and Huaiyin) in June and July; (2) in north-
ern South China (Shantou, Quanzhou, and
Qujiang) in August, albeit negatively; and (3) in
the Yangtze and Huai valleys (Huizhou, Nantong,
Huaiyin, and Ganyu) in September. In addition,
the intensity and area indices of WPSH correlated
signiﬁcantly during 1977–2016 (Pearson’s correla-
tion coefﬁcient r = 0.93, P < 0.0001). Some similar
patterns of grid clusters also appeared in the area
index panel, but these were less signiﬁcant. Our
analysis focused on the largest cluster of PPS sites
located in the lower Yangtze Valley that showed a
signiﬁcance with the WPSH intensity index dur-
ing June and July.
Previous studies have shown that BPH that
occur in the lower Yangtze Valley before the mid-
dle of August are immigrants (Hu et al. 2011,
2014). BPH immigrants arrive to this region in
June and July, and the peak occurs during the
middle of July. The records of maximum pentad
catches, indicating the main immigration peaks
for each year, mostly occurred in the 4th pentad
of July (16–20 July; Fig. 3). It appears that an
enhanced WPSH correlates with increased num-
bers of BPH migrating into the lower Yangtze
Valley.
During the 40 yr examined (1977–2016), the
third quartile of WPSH intensity in July was
71.25. We identiﬁed 10 yr that had an extremely
strong WPSH, where intensity was equal to or
>71.25 in July. Since 1977, six outbreaks of BPH
have been recorded in China, during which the
lower Yangtze Valley suffered severe crop dam-
age compared to other regions (Hu et al. 2010,
2014). Among these outbreaks, ﬁve occurred
when the WPSH was extremely strong in July
(Table 1). The results of a chi-square test (v2 =
9.41, P = 0.0022; Fisher’s exact test, P = 0.0020)
indicated that the outbreak of BPH in China was
signiﬁcantly correlated with the intensity of
WPSH in July. There was one exception, and this
was the outbreak in 2012. According to previous
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studies, the outbreaks of BPH in 1987, 1991, and
2006 were identiﬁed as high-immigration type, in
which the number of immigrants was unusually
large (Hu et al. 2010), and all these high-immigra-
tion type outbreaks occurred in years with an
extremely strong WPSH in July (Table 1). Never-
theless, these trends suggest that mass migrating
BPH invade the lower Yangtze River Valley under
strong WPSH conditions.
Previous studies have shown that the WPSH
determines the rain-belt distribution in eastern
Asia. In Asia, the rain belt is located at a latitude
of approximately 6° to 10° more north than the
WPSH (Tao and Wei 2006, Ding et al. 2007,
Wang et al. 2013). During July, a zonal rain belt
was observed to be located in the lower Yangtze
and Huai valleys (Fig. 4d). As rainfall prevents
planthopper migration, the high BPH catches
occurring in the lower Yangtze Valley might be
explained by migrants becoming concentrated at
the southern fringes of the rain belt that enclose
this area (Fig. 4a). Moreover, the southwesterly
airstream was predominately to the west of the
WPSH periphery, which would provide a high-
speed passage for BPH migration from South
China to the Yangtze River Valley (Fig. 4g).
Case studies in 1984 and 1991
The 1991 outbreak of BPH was a typical case
for a high-immigration outbreak year. BPH
Fig. 3. Migration proﬁles of brown planthopper recorded at seven plant protection stations (PPS) from the
lower Yangtze Valley. Monthly catches are summarized into six pentads, where each pentad is a ﬁve-day group
except for the last pentad in May, July, August, and October that has six days. (a) Mean pentad catches for each
PPS in 1977–2003 shown on a log-scale. (b) Annual maximum pentad catches during early migration (before
middle August) between 1977 and 2003 at seven PPS. Only available data for 183 records are presented (7
PPS 9 27 yr = 189 records). Six records were missing due to no data at Dongzhi in 1977, Gaoyou in 2000–2002,
and Huaiyin in 2002–2003. The majority of catches were recorded between the 3rd and 5th pentad of July.
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catches in July were much greater than normal
(Fig. 4b). In that year, the WPSH was stronger
than normal in both, with intensity measured at
60 and 89 in June and July, respectively, while the
mean values were 50.26 and 52 (see Table 1). The
background climatic conditions under an extreme
strong WPSH, typical of a high-immigration
outbreak year, are shown in Fig. 4e, h. Precipita-
tion was highest in the Yangtze and Huai valleys
(Fig. 4e), compared to other regions. The BPH
immigration center was located along the southern
fringe of the region, where extreme precipitation
was higher than normal (Fig. 4b, e). Moreover,
there was less precipitation between source and
landing areas at central Hunan, central Jiangxi,
and Fujian (Fig. 4b, e). Thus, no external forces
were exerted upon migrating BPH that would
terminate ﬂight before they landed in the
Yangtze River Valley. Similar to precipitation, an
enhanced WPSH indicated that southwesterly
wind increased in southern China. Southwest
airstreams were more frequent and stronger in
July 1991, than those in other years facilitating
successful BPH migration (Fig. 4h).
By contrast, 1984 was a typical example for a
year with a weak WPSH. During that year,
WPSH intensity was measured as 10 and 1 in
June and July, respectively, and overall BPH
catches were less over the entire area compared
to high-immigration outbreak years (Fig. 4c).
Low precipitation too was observed in the
Yangtze and Huai valleys (Fig. 4f), and south-
west airstreams were weaker in 1984 compared
to other years (Fig. 4i).
DISCUSSION
The population trajectories of migratory insects
are chaotic, and migrants may land in favorable
or unfavorable habitats, either building popula-
tion numbers rapidly or resulting in high mortali-
ties. Migration is therefore expected to be a
high-risk strategy for an insect (Rosenberg and
Burt 1999, Hu et al. 2013). However, seasonal
atmospheric circulations can ensure that most
migrants arrive by supplying seasonal prevailing
wind currents to their desired destination (Zhang
1992, Chapman and Drake 2010, Hu et al. 2016a,
b, Reynolds et al. 2016, Wainwright et al. 2016).
Therefore, the population abundance of a migra-
tory insect may vary depending on seasonal
atmospheric circulations. In this study, WPSH
variation in July was linked to ﬂuctuations in
BPH immigrant volume in the lower Yangtze
Valley. Previously, relationships between atmo-
spheric circulation and the occurrence area of rice
planthoppers from January to August in China
were analyzed using 74 atmospheric circulation
indices by Qian and Huo (2007). The authors
determined that the main inﬂuencing periods
occurred from July to August. The indices that
had the greatest inﬂuence successively in order
were the subtropical high category, polar vortex
category, trough category, and the other index cat-
egory. In the current study, the inﬂuence period
and area of WPSH on BPH migration were inves-
tigated and described more explicitly. Migration
of rice planthopper was inﬂuenced signiﬁcantly
by a rain belt, an area of active rain that prevents
BPH ﬂight. Additionally, migration was also
inﬂuenced by strong winds that can act as a high-
speed vehicle to promote BPH migration. Results
showed that BPH distributions changed with the
advance and retreat of the WPSH.
Under the control of the WPSH, the weather is
hot and calm because of anticyclonic subsidence
(Ding et al. 2007, Ahrens 2009). Such weather
conditions would hinder long-distance migration
of a ﬂying insect. Emigration take-off ﬂights
would be suppressed, and migrating insects
would become concentrated by downdraft air-
streams (Cheng et al. 1979, Westbrook and Isard
Table 1. The area and intensity indices of WPSH dur-
ing BPH outbreak years in China.
Year
BPH
occurrence
area (106 ha)
WPSH area
WPSH
intensity
June July June July
1987† 23.30 30 29 58 73
1991† 23.20 26 30 57 72
2005 24.78 29 37 62 74
2006† 16.68 32 32 60 89
2007 15.73 29 35 50 74
2012 14.56 13 9 26 11
Mean‡ 14.87 24.45 24.83 49.45 48.88
3rd quartile‡ 16.80 30.00 32.00 60.50 71.25
Note: BPH, brown planthopper; WPSH, western Paciﬁc
subtropical high pressure.
† Six outbreaks of BPH have occurred in China since 1977.
Three of these outbreaks (1987, 1991, and 2006) were of the
high-immigration type, in which the number of immigrants is
unusually large (Hu et al. 2010).
‡ The mean and third quartile values for years 1977–2010.
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Fig. 4. Spatial distribution of monthly brown planthopper (BPH) cumulative catches and western Paciﬁc sub-
tropical high pressure (WPSH) mean positioning during July (a–c). Precipitation rate (mm/day) and wind ﬁelds
(m/s) for the same periods are shown (d–i). The WPSH was stronger in 1991 and weaker than normal in 1984.
The range of WPSH is presented using the 500-hPa geopotential height contour (geopotential decameter, gpdm).
Red solid lines represent the 588 gpdm contour, blue solid lines represent the 586 gpdm contour, and cyan
dashed lines represent the WPSH ridges.
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1999, Hu et al. 2013). In this paper, it was shown
that BPH migration was regulated by WPSH by
means of LLJ (a high-speed vehicle for BPH
migration) and the wide zonal rainfall (a barrier
to force BPH landings). This rainy weather and
LLJ were observed in the periphery of the WPSH
and probably resulted from interactions between
the WPSH and other circulation systems, such as
cold air from the mid- and high latitudes, the
southwest vortex, the Qinghai–Xizang high, or
other tropical depressions (Tao and Wei 2006,
Ding et al. 2007, Ahrens 2009). In particular,
rainy weather occurs in China when moist south-
westerly air meets the cooler air from mid- and
high latitudes (Ding and Chan 2005, Zhou and
Yu 2005, Tao and Wei 2006, Ding et al. 2007,
Zhou et al. 2007). The cooler air was originated
from the continental cold high, as indicated by
the polar vortex category index (Tao and Wei
2006). Thus, the dynamic nature of the westerly
troughs can provide signals to forecast the
advance and retreat of the WPSH (Tao and Wei
2006). In a previous study, the ratios of the occur-
rence area of rice planthoppers correlated with
the polar vortex category index (Qian and Huo
2007). The intensity and ﬁnal days of LLJ were
affected by the interaction between the WPSH
and the India–Burma Trough, also known as the
southwesterly trough (Ding and Chan 2005, Tao
and Wei 2006, Ding et al. 2007). Ratios of the area
of rice planthopper migration also correlated
with the India–Burma Trough indices (Qian and
Huo 2007). Thus, the relationship between BPH
migration and the atmosphere is very complex
and requires further study. Nevertheless, it is
clear that the WPSH would be key to under-
standing the inﬂuence of other circulation sys-
tems on BPH migration. For example, previous
studies found that sea surface temperatures
(SST) and the El Ni~no Southern Oscillation
(ENSO) can reveal variations in the population
abundance of BPH and other pest species (Zhu
et al. 1991, Morishita 1992, Qin et al. 2003, Xian
et al. 2007a, b), but these links have not been
explained well. A recent study showed that the
WPSH can be predicted with SST and ENSO
because its variation is primarily controlled by
central Paciﬁc cooling/warming, which causes
positive atmosphere–ocean feedback between
the WPSH and Indo-Paciﬁc warm-pool oceans
(Wang et al. 2013).
In this paper, ﬁve indices of WPSH can be
identiﬁed as the two classes that were used to
test the relationship between WPSH and BPH
migration. First, the area and intensity indices
can be considered as one class to indicate the
intensity of WPSH. The area of WPSH always
increased as the intensity index increased, and
correlations between these two indices were sig-
niﬁcant. Second, other indices of WPSH can be
considered as another class to indicate the posi-
tion of WPSH. Previous studies have shown that
the WPSH determines the distribution of the rain
belt and the advance of southwesterly airstreams
in eastern Asia (Tao and Wei 2006, Ding et al.
2007, Wang et al. 2013). Hence, the position of
WPSH is very crucial for the rain belt and LLJ,
and these factors inﬂuence BPH migration. How-
ever, a strong WPSH does provide for a stable
system, which can cause persistent precipitation
(Tao and Wei 2006, Ding et al. 2007). This was
observed in our case study of a strong WPSH in
1991. Compared to the other indices, the inten-
sity index of WPSH would provide the most reli-
able predictions for BPH migration volume in
the Yangtze Valley.
Brown planthopper usually causes signiﬁcant
damage after two generations. Thus, BPH out-
breaks will not only be associated with the num-
bers of immigrating insects, but also with the
climate and the rice growing conditions during
the previous breeding generations (Hu et al.
2011, 2014). Temperature regulates and controls
BPH population dynamics through direct effects
on survival, reproduction, and foraging (Zang
et al. 1997, Hou et al. 2004). Previous studies
have revealed that a warmer autumn, especially
in middle September, was favorable for BPH
population growth (Cheng et al. 1992, Hou et al.
2004). In September, WPSH remains in the lower
and middle reaches of the Yangtze River. Under
the control of WPSH, anticyclonic subsidence
maintains the weather as sunny and calm and
temperatures were always higher than normal
when the WPSH was stronger. Under these
favorable conditions, BPH populations can grow
quickly. Furthermore, BPH emigration might be
suppressed due to the lower speed winds near
the ridge line of WPSH (Cheng et al. 1979). Con-
sequently, growth in BPH would be reﬂected by
a larger number of macropterous adults caught
by local or nearby light traps. In this study,
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monthly cumulative BPH catches correlated sig-
niﬁcantly with the intensity and area indices of
WPSH in September at sites located in the
Yangtze River Valley in Jiangsu Province.
In summary, WPSH inﬂuences BPH migration
in eastern China by determining the spatio-tem-
poral patterns of rain that can prevent BPH ﬂight,
while generating strong winds that provide a
high-speed vehicle for BPH migration. These sea-
sonal atmospheric conditions appeared to inﬂu-
ence the occurrence of BPH in the Yangtze Valley,
but WPSH conditions alone do not sufﬁciently
explain BPH outbreaks. Other factors critical for
explaining BPH outbreaks include the population
size of BPH in their source area, the weather con-
ditions after settling, the nutritional status of rice,
BPH resistance to pesticide, and control strategy
including insecticide, time, and frequency (Zhai
and Cheng 2006, Wang et al. 2008, Hu et al. 2011,
Bottrell and Schoenly 2012). Thus, WPSH likely
just provide conditions suitable for an outbreak of
BPH. Finally, the extraordinary adaptations of ﬂy-
ing organisms to contend with atmospheric con-
ditions during their migratory ﬂights have
captivated ecologists for decades (Shamoun-Bar-
anes et al. 2017). However, the inﬂuence of
weather on the evolution of migratory insect
behavior, life history, population dynamics, and
species distributions is much less understood
compared to birds. Herein, the WPSH-BPH sys-
tem in Eastern China provides an exemplary case
to explore these processes in a migratory insect
pest, and further work needs to be undertaken.
ACKNOWLEDGMENTS
We express our gratitude to the staff of PPS in
Anhui, Chongqing, Fujian, Guangdong, Guangxi,
Guizhou, Hubei, Hunan, Jiangxi, Jiangsu, Shanghai,
Sichuan, Yunnan, and Zhejiang provinces for provid-
ing the insect data used in this manuscript. This study
was supported by the National Natural Science Foun-
dation of China (31772155), Natural Science Founda-
tion of Jiangsu Province (BK20170026), and the
National Key Research and Development Plan of
China (2016YFD0300702). Gao Hu’s visiting scholar-
ship at the University of Exeter and Rothamsted
Research was funded by the China Scholarship Coun-
cil. Rothamsted Research is a national institute of bio-
science strategically funded by the UK Biotechnology
and Biological Sciences Research Council (BBSRC).
LITERATURE CITED
Ahrens, C. D. 2009. Meteorology today: an introduc-
tion to weather, climate, and the environment.
Brooks/Cole, Cengage Learning, Belmont, Califor-
nia, USA.
Akesson, S., and A. Hedenstr€om. 2007. How migrants
get there: migratory performance and orientation.
BioScience 57:123–133.
Alerstam, T., et al. 2011. Convergent patterns of long-
distance nocturnal migration in noctuid moths and
passerine birds. Proceedings of the Royal Society B
278:3074–3080.
Bao, Y. X., et al. 2015. Migration pattern of rice leaf
roller and impact of atmospheric conditions. Acta
Ecologica Sinica 35:3519–3533 [In Chinese].
Bottrell, D. G., and K. G. Schoenly. 2012. Resurrecting
the ghost of green revolutions past: the brown
planthopper as a recurring threat to high-yielding
rice production in tropical Asia. Journal of Asia-
Paciﬁc Entomology 15:122–140.
Chapman, J. W., andV. A. Drake. 2010. Insect migra-
tion. Pages 161–166 in M. D. Breed and J. Moore,
editors. Encyclopedia of animal behavior. Volume
1. Academic Press, Oxford, New York, USA.
Chapman, J. W., V. A. Drake, and D. R. Reynolds.
2011a. Recent insights from radar studies of insect
ﬂight. Annual Review of Entomology 56:337–356.
Chapman, J. W., et al. 2011b. Animal orientation strate-
gies for movement in ﬂows. Current Biology 21:
R861–R870.
Chapman, J. W., D. R. Reynolds, and K. Wilson. 2015.
Long-range seasonal migration in insects: mecha-
nisms, evolutionary drivers and ecological conse-
quences. Ecology Letters 18:287–302.
Chapman, J. W., et al. 2010. Flight orientation behav-
iors promote optimal migration trajectories in
high-ﬂying insects. Science 327:682–685.
Chapman, J. W., et al. 2012. Seasonal migration to high
latitudes results in major reproductive beneﬁts in
an insect. Proceedings of the National Academy of
Sciences of the United States of America 109:
14924–14929.
Chen, Y. Y. 1995. The inﬂuence of weather on the early
migration of rice planthopper in summer in
Jiangsu Province. Plant Protection Technology and
Extension 1995(4):3–6 [In Chinese].
Chen, R. C., J. R. Wu, S. D. Zhu, and J. X. Zhang. 1984.
Flight capacity of the brown planthopper Nila-
parvata lugens Stal. Acta Entomologica Sinica
27:121–127 [In Chinese.]
Cheng, S. N., et al. 1979. Studies on the migrations of
brown planthopper Nilaparvata lugens Stal. Acta
Entomologica Sinica 22:1–21 [In Chinese].
 ❖ www.esajournals.org 10 October 2017 ❖ Volume 8(10) ❖ Article e01967
LU ET AL.
Cheng, J. A., L. G. Zhang, Q. G. Fan, and Z. R. Zhu.
1992. Simulation study on effects of temperature
on population dynamics of brown planthopper.
Chinese Journal of Rice Science 6:21–26 [In Chinese].
Crummay, F. A., and B. W. Atkinson. 1997. Atmo-
spheric inﬂuences on light-trap catches of the brown
planthopper rice pest. Agriculture and Forest Mete-
orology 88:181–197.
Ding, Y. H., and J. C. L. Chan. 2005. The East Asian
summer monsoon: an overview. Meteorology and
Atmospheric Physics 89:117–142.
Ding, Y. H., J. J. Liu, Y. Sun, Y. J. Liu, J. H. He, and Y. H.
Song. 2007. A study of the synoptic climatology of
the Meiyu system in East Asia. Chinese Journal
Atmospheric Sciences 31:1082–1101 [In Chinese].
Dingle, H., and V. A. Drake. 2007. What is migration?
BioScience 57:113–121.
Drake, V. A., and R. A. Farrow. 1988. The inﬂuence of
atmospheric structure and motions on insect migra-
tion. Annual Review of Entomology 33:183–210.
Drake, V. A., A. G. Gatehouse, and R. A. Farrow. 1995.
Insect migration: a holistic conceptual model.
Pages 427–457 in V. A. Drake and A. G. Gatehouse,
editors. Insect migration: tracking resources
through space and time. Cambridge University
Press, New York, New York, USA.
Feng, C. H., B. P. Zhai, X. X. Zhang, and J. Y. Tang.
2002. Climatology of low-level jet and northward
migration of rice planthoppers. Acta Ecologica
Sinica 22:559–565 [In Chinese].
Greenbank, D. O., G. W. Schaefer, and R. C. Rainey.
1980. Spruce budworm (Lepidoptera, Tortricidae)
moth ﬂight and dispersal, new understanding from
canopy observations, radar, and aircraft. Memoirs
of the Entomological Society of Canada 110:1–49.
Holland, R. A., M. Wikelski, and D. S. Wilcove. 2006.
How and why do insects migrate? Science 313:
794–796.
Hou, T. T., Z. G. Huo, S. K. Li, Z. G. Lu and C. L. Ye.
2003. Causes of meteorological environment inﬂu-
encing on migration rice planthopper. Journal of
Natural Disasters 12:142–147 [In Chinese].
Hou, T. T., et al. 2004. Impact of air temperature to the
brown planthopper population in late rice crop
season in Fuqing Region. Chinese Journal of
Agrometeorology 25:28–32 [In Chinese].
Hu, G., et al. 2010. Are outbreaks of Nilaparvata lugens
(Stal) associated with global warming? Environ-
mental Entomology 39:1705–1714.
Hu, G., et al. 2011. Rice planting systems, global
warming and outbreaks of Nilaparvata lugens (Stal).
Bulletin of Entomological Research 101:187–199.
Hu, G., et al. 2013. The inﬂuence of typhoon Khanun
on the return migration of Nilaparvata lugens (Stal)
in Eastern China. PLoS ONE 8:e57277.
Hu, G., et al. 2014. Outbreaks of the brown planthop-
per Nilaparvata lugens (Stal) in the Yangtze River
Delta: Immigration or local reproduction? PLoS
ONE 9:e88973.
Hu, G., et al. 2016a. Mass seasonal bioﬂows of high-
ﬂying insect migrants. Science 354:1584–1587.
Hu, G., K. S. Lim, D. R. Reynolds, A. M. Reynolds, and
J. W. Chapman. 2016b. Wind-related orientation
patterns in diurnal, crepuscular and nocturnal
high-altitude insect migrants. Frontiers in Behav-
ioral Neuroscience 10:32.
Hu, G., et al. 2017. Population dynamics of rice plan-
thoppers, Nilaparvata lugens and Sogatella furcifera
(Hemiptera, Delphacidae) in Central Vietnam and
its effects on their spring migration to China. Bul-
letin of Entomological Research 107:369–381.
Jiang, G. H., H. Q. Tan, W. Z. Shen, X. N. Cheng,
and R. C. Chen. 1981. The relation between long-
distance northward migration of the brown plan-
thopper (Nilaparvata lugens Stal) and synoptic
weather conditions. Acta Entomologica Sinica 24:
251–261.
Johnson, S. J. 1995. Insect migration in North America:
synoptic-scale transport in a highly seasonal envi-
ronment. Pages 31–66 in V. A. Drake and A. G.
Gatehouse, editors. Insect migration: tracking
resources through space and time. Cambridge
University Press, New York, New York, USA.
Kisimoto, R., and K. Sogawa. 1995. Migration of the
brown planthopper Nilaparvata lugens and the
white-backed planthopper Sogatella furcifera in East
Asia: the role of weather and climate. Pages 67–91
in V. A. Drake and A. G. Gatehouse, editors. Insect
migration: tracking resources through space and
time. Cambridge University Press, New York, New
York, USA.
Li, L., W. Li, and Y. Kushnir. 2012. Variation of the
North Atlantic subtropical high western ridge and
its implication to Southeastern US summer precipi-
tation. Climate Dynamics 39:1401–1412.
Morishita, M. 1992. A possible relationship between
outbreaks of planthoppers Nilaparvata lugens Stal
and Sogatella furcifera Horvath (Hemiptera: Del-
phacidae) in Japan and the El Ni~no phenomenon.
Applied Entomology and Zoology 27:297–299.
Otuka, A. 2013. Migration of rice planthoppers and
their vectored re-emerging and novel rice viruses
in East Asia. Frontiers in Microbiology 4:309.
Pedgley, D. E., D. R. Reynolds, and G. M. Tatchell.
1995. Long-range insect migration in relation to cli-
mate and weather: Africa and Europe. Pages 3–29
in V. A. Drake and A. G. Gatehouse, editors. Insect
migration: tracking resources through space and
time. Cambridge University Press, New York, New
York, USA.
 ❖ www.esajournals.org 11 October 2017 ❖ Volume 8(10) ❖ Article e01967
LU ET AL.
Qian, S., and Z. G. Huo. 2007. Inﬂuences of atmo-
spheric circulation on the occurrence and develop-
ment of rice planthopper in China and its
occurrence area prediction. Acta Meteorologica
Sinica 65:994–1002 [In Chinese].
Qin, S. L., B. P. Zhai, X. X. Zhang, Z. G. Zhao, Y. Y.
Jiang, and X. F. Qu. 2003. Using advance ENSO
indices to forecast outbreaks of Helicoverpa armigera.
Acta Ecologica Sinica 23:1695–1711 [In Chinese].
Rainey, R. C. 1989. Migration and meteorology. Flight
behaviour and the atmospheric environment of
locusts and other migrant pests. Clarendon Press,
Oxford, UK.
Reynolds, A. M., D. R. Reynolds, S. Sane, G. Hu, and
J. W. Chapman. 2016. Orientation in high-ﬂying
migrant insects in relation to ﬂows: mechanisms
and strategies. Philosophical Transactions of the
Royal Society B 371:20150392.
Reynolds, A. M., D. R. Reynolds, A. D. Smith, and J.
W. Chapman. 2010. A single wind-mediated mech-
anism explains high-altitude ‘non-goal oriented’
headings and layering of nocturnally migrating
insects. Proceedings of the Royal Society London B
277:765–772.
Riley, J. R., and D. R. Reynolds. 1983. A long-range
migration of grasshoppers observed in the Sahelian
zone Mali by two radars. Journal of Animal Ecol-
ogy 52:167–183.
Rosenberg, J., and P. J. A. Burt. 1999. Windborne dis-
placements of desert locusts from Africa to the Car-
ibbean and South America. Aerobiologia 15:167–175.
Shamoun-Baranes, J., F. Liechti, and W. M. G. Vanstee-
lant. 2017. Atmospheric conditions create freeways,
detours and tailbacks for migrating birds. Journal
of Comparative Physiology A 203:509–529.
Sogawa, K. 1995. Wind-borne displacements of the rice
planthoppers related to the seasonal weather
patterns in Kyushu district. Bulletin of the Kyushu
National Agricultural Experiment Station 28:219–278.
Tao, S. Y., and J. Wei. 2006. The westward, northward
advance of the subtropical high over the west Paci-
ﬁc in summer. Journal of Applied Meteorological
Science 17:513–525 [In Chinese].
Wainwright, C. E., P. M. Stepanian, and K. G. Horton.
2016. The role of the US Great Plains low-level jet
in nocturnal migrant behavior. International Jour-
nal of Biometeorology 60:1531–1542.
Wang, Y. H., et al. 2008. Imidacloprid susceptibility
survey and selection risk assessment in ﬁeld popu-
lations of Nilaparvata lugens (Stal) (Delphacidae).
Journal of Economic Entomology 101:515–522.
Wang, B., B. Q. Xiang, and J. Y. Lee. 2013. Subtropi-
cal high predictability establishes a promising
way for monsoon and tropical storm predic-
tions. Proceedings of the National Academy of
Sciences of the United States of America 110:
2718–2722.
Watanabe, T., and H. Seino. 1991. Correlation between
the immigration area of rice planthoppers and the
low-level jet stream in Japan. Applied Entomology
and Zoology 26:457–462.
Westbrook, J. K., and S. A. Isard. 1999. Atmospheric
scales of biotic dispersal. Agricultural and Forest
Entomology 97:263–274.
Xian, X. Q., B. P. Zhai, X. X. Zhang, X. N. Cheng, and J.
Q. Wang. 2007a. Teleconnection between the early
immigration of brown planthopper (Nilaparvata
lugens Stal) and ENSO indices: implication for its
medium- and long-term forecast. Acta Ecologica
Sinica 27:3144–3154 [In Chinese].
Xian, X. Q., B. P. Zhai, X. X. Zhang, G. F. Zhang, Z. L.
Liu, and B. G. Shi. 2007b. Teleconnection
between Paciﬁc sea surface temperature and the
early immigration of brown planthopper (Nila-
parvata lugens Stal) in the Yangtze and Yangtze-
Huai river valley of Jiangsu Province and its
possible mechanism. Acta Entomologica Sinica 50:
578–587 [In Chinese].
Zang, W., S. G. Hao, H. K. Wang, and X. N. Cheng.
1997. A simulation model of the brown planthop-
per population dynamics in Yangtze and Huai
River rice area. Journal of Nanjing Agricultural
University 20:32–38 [In Chinese].
Zhai, B. P. and J. A. Cheng. 2006. The conference sum-
mary of workshop on the two primary migratory
pests of rice, rice planthopper and rice leaf roller, in
2006. Chinese Bulletin of Entomology 43:585–588
[In Chinese].
Zhang, Z. T. 1992. Insect migration and migration
arena. China Plant Protection 18:48–50 [In Chinese.]
Zhou, T. J., and R. C. Yu. 2005. Atmospheric water
vapor transport associated with typical anomalous
summer rainfall patterns in China. Journal of Geo-
physical Research 110:D08104.
Zhou, T. J., et al. 2007. Why the western Paciﬁc sub-
tropical high has extended westward since the late
1970s. Journal of Climate 22:2199–2215.
Zhu, M., G. W. Hu, J. Tang, X. Y. Ma, and Q. Y. Tang.
1991. Effect of globe climate abnormality (ENSO
phenomena occurrence) on outbreak of rice brown
planthoppers in China. Sciencia Agricultura Sinica
30:1–5 [In Chinese].
 ❖ www.esajournals.org 12 October 2017 ❖ Volume 8(10) ❖ Article e01967
LU ET AL.
